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FOREWORD

This report presents a functional and mathematical description of the ground

station alert predictor. The alert predictor generates the times during which a

satellite will be visible to a ground tracking station and provides ground antenna

* pointing information. This is an invaluable tool that is useful for scheduling

ground station operational activities. The methods used to generate this informa-

tion are computationally quite efficient so that long-term predictions can be done

rapidly. Several new innovations are included in the algorithms: the effects of

atmospheric drag upon satellites are taken into account, and a satellite orbit

adjust may be included during the prediction interval.
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Strategic Systems Department

L

i.,OTI jDist special

- * . *.*,. - -- .':..':-/ O+A. *.



!N 82-387

CONTENTS

Section Page

1.0 Introduction ....... ....................... 1

2.0 The Process Flow Supervisor (PFS) .... ............ 3

2.1 Functional Description ..... ............... 3

2.2 Special Features ...... .................. 6

2.3 Processing Equations ..... ................ 7

3.0 The Station-Satellite Inview Predictor (SIP) ...... . 8

3.1 Functional Description ..... ............... 8

3.2 Processing Equations .................... .10

3.3 Inview Geometry Parameter Computations .. ....... 12

4.0 The Brouwer Orbit Generator (BOG) .... ............ 15

4.1 Functional Description .... ............... .15

4.2 Processing Equations for the Brouwer-Lyddane Method . 17

4.3 Processing Equations for the Keplerian Update Method. 24

4.4 Processing Equations for Transforming Orbital

Elements to Cartesian Coordinates ... .......... 24

5.0 The Brouwer Mean Element Converter (BMC) ........... 27

5.1 Functional Description .... ............... .27

5.2 Processing Equations ..................... .27

iv



TR 82-387

ILLUSTRATIONS

Figure Page

1-1 ALERT Functional Overview and Data Flow ............ 2

2-1 Process Flow Supervisor Logic Flow .... ............ 4

3-1 Station-Satellite Inview Predictor Process Flow ....... 9

4-1 Brouwer Orbit Generator Process Flow ............ ... 16

5-1 Process Flow of the Brouwer Mean Element Converter . . . 26

..
-°

!V



TR 82-387

SECTION 1

INTRODUCTION

The primary function of the ALERT package is to predict the times during

which a satellite will be visible at a ground tracking station and provide

* approximate ground antenna pointing information. The methods used to gen-

erate this information are computationally quite efficient, so that the
in-view times and associated information for a given satellite and ground

station can be rapidly predicted for fairly long prediction intervals

(-30 days). An additional optional feature exists which accounts for

the inclusion of a satellite orbit adjust during the prediction interval.

*_ A functional overview of the ALERT generator is shown in Figure 1-1. As

can be seen from this figure, the ALERT generator is comprised of four

basic computational functions: the process flow supervisor (PFS), the
Brouwer mean element converter (BMC), the satellite-station in-view pre-

dictor (SIP), and the Brouwer orbit generator (BOG). Also shown on this
figure is the inter-function data flow. A detailed description of each of

these functions is presented in the following sections.

As user supplied input, the ALERT generator requires the station and satel-

lite and associated frequency information for which in-view periods are to

be predicted, as well as the start (tB) and stop (tE) times of the time interval

over which predictions are to be made. Also included in the input is the

option selected by the user for the inclusion of the impact of orbit adjusts

occurring during the prediction interval on in-view periods. In order to

initiate its processing the ALERT generator requires the following additional

data as shown on Figure 1-1: station latitude, longitude, and height; mean

Brouwer elements and decay rates; and post orbit adjust epoch, inertial

position and velocity vectors if the effect of an orbit adjust is to be

included in the prediction span. The predicted inview periods and associated
.. station antenna pointing geometry that were computed for the prediction interval

are written to hardcopy at the end of the computational cycle.

. -1-
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SECTION 2

THE PROCESS FLOW SUPERVISOR (PFS)

2.1 FUNCTIONAL DESCRIPTION

The principal tasks performed by the PFS are to receive and retrieve data,

direct processing flow, and output computed results. Specifically the PFS

function:

() receives input data;

(ii) retrieves station coordinates;

(iii) retrieves initial SPASUR Brouwer mean elements and decay rates;

(iv) receives predicted orbit adjust times and post adjust vectors;

v) cycles computations through BMC if required;

(vi) cycles computations through SIP; and

(vii) receives SIP predictions and outputs them.

The flow of the PFS function is presented in Figure 2-1.

It should be noted that tasks (iv) and (v) above are optional. Should the

user elect to use one of the two orbit adjust options and an orbit adjust

falls within the prediction span, the PFS retrieves the predicted orbit

adjust time (tOA) and the associated predicted post adjust position and'S-. I-a

velocity at a time tOA very near (but later than) tOA, r(toA) and r(toA)• These

osculating Cartesian vectors are passed to the BMC function where they are

converted to Brouwer mean elements for the time tOA.

As noted above, the orbit adjust option can operate in two modes. If the
orbit adjust option flag IOAOP is set to zero, the option is not used and

SIP predictions are generated using only the initial element set obtained

-V from the SPASUR data. However, if it is set to one or two, the retrieval
and conversion of the post adjust vectors take place, as described above.

When IOAOP is set to one, the prediction span is divided into two

partitions using tOA as the boundary, and the initial Brouwer elements retrieved

- -3-
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2.1 FUNCTIONAL DESCRIPTION (con't)

by the PFS from the SPASUR element data are used for SIP in-view pre-

dictions until tOA is reached. For times later than tOA the post-orbit

adjust Brouwer mean elements generated by the BMC function are used for

SIP predictions. When IOAOP is set to two, SIP predictions are generated

only for times later than tOA using the Brouwer element set generated by

the BMC function.

2.2 SPECIAL FEATURES

Several points associated with the orbit adjust option are worthy of note.

First, the orbit adjust options (IOAOP / 0) may be selected only for those
satellites which are supported by the PULSAR system'. If the option has

been selected for a satellite other than those, the option is denied and

processing continues as if the option had never been selected. Secondly,

if the orbit adjust option has been validly selected, the PFS uses the

decay rates obtained from the SPASUR element file for the epoch tB as the

dec.y rates for times later than tOA.

The epoch t; above corresponds to the time of the Brouwer mean element set

obtained from the SPASUR data nearest, but not later than, the start time

of the prediction interval tB, i.e. t; < tB. If an orbit adjust occurs
within the time interval between tB and tB processing is still nerformed

as described above. However, the alert schedule only for the time inte-val
ItB, t E will be output.

Parks, A.D. and Hicks, T.I., A Mathematical Description of the PULSAR
Doppler Tracking Data Editor, NSWC/DL TR 82-391, Dahlgren,
Virginia, 1982.

-6-
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2.3 PROCESSING EQUATIONS

The semi-major axis read from the SPASUR data is the Kaula semi-major

axis ak expressed in earth radii. This is converted in the PFS to the

Brouwer mean semi-major axis a" via the transformation

/1+2X \2/3
a" = akae )-X (2.1)

where

3J2 (1 - 3/2 sin2i ')

X 4 a2 (1 - e"2 )3/2 (2.2)

In the above expressions a is the earth's semi-major axis; J2 is a zonale2
harmonic gravitational constant; and i" and e" are the Brouwer mean inclina-

tion and eccentricity, respectively.

Similarly, the semi-major axis decay rate obtained from the SPASUR data is

the time rate of change of the Kaula semi-major axis ak" This is converted

in PFS to the time rate of change of the Brouwer mean semi-major axis a"

through application of the expression

,, = ka ( 1 +2X ) 2 / 3  V/3
= a 1 X ) + 2 ak ae X [(1 + 2X)(1 - X)s ', (2.3)

where

r~ ~ /ak\lX 3= el o:2) "- 2 y )J .(2.4)

In the last expression it has been assumed that

= 0. (2.5)

Values for e" and the rate of change of the mean motion n are also obtained
from the SPASUR data.

-7-
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SECTION 3

THE STATION-SATELLITE INVIEW PREDICTOR (SIP)

3.1 FUNCTIONAL DESCRIPTION
2

The station-satellite in-view times can be obtained by considering the

vertical distance A of the satellite above a horizontal plane tangent to

the earth at the station's location. An inview period is considered to

begin or end when the satellite is in the horizontal station plane, i.e.,

when A = 0. Since the earth rotates, the satellite will dip below the

zero level and may not appear above the horizontal plane for many revolu-

tions.

To initiate SIP processing, it must first be determined where the satellite
is at time tB with respect to the maximum points of the function describing

A. Once this is done, the first maximum is approached in fractional parts

of a satellite period P until a close proximity of the maximum A is reached.

This is accomplished by using the signs and magnitudes of the A and its

* first and second time derivatives, A'and A", to determine how far to step

forward in time. When the maximum A has been approached sufficiently close,

and it is greater than zero, the exact time of maximum A is obtained itera-

tively. This time is used to compute approximate rise and set times, which

are then refined using an iterative method. This procedure is repeated to

find successive maximum As and associated rise and set times until the end

of the prediction interval tE is exceeded.

For each in-view period geometric parameters are computed and stored. When

the end of the prediction interval is exceeded, the In-view times and associ-

ated geometry computations are passed to the PFS for output. The process

flow of SIP is presented in Figure 3-1.

2
Castro, H.E., A New Method for Finding Station Prediction Alerts, NSWC/DL
TM K-1/63, Dahlgren, Virginia, 1963.

-8-
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3.2 PROCESSING EQUATIONS

The orbital period P is computed using

2U 1 /2
P - O (3.1)

where Ui is the gravitational constant and a the semi-major axis.

The vertical distance A of a satellite from a horizontal plane tangent at

a station location is given by:

A = cos€ (X cosa + y sinca) + Z sine - R0  (3.2)

where

= W(t- t ve) + X •

e

= - station geodetic latitude,

= station longitude,

W = earth's rotation rate,

a = earth's equatorial radius,~e

tve = universal time of transit of vernal equinox,

C = eccentricity of earth,

x, y, z = satellite inertial position components, and

h = height of station above reference ellipsoid.

-10-
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3.2 PROCESSING EQUATIONS (con't)

The first and second time derivatives of A are given by
1F

A' = cos¢ [( -x) sinc + (i+ y) cosa I+ s ino (3.3)

and

A" = coso (Y- 2wX + W2  sin + (X + 2W -W 2x)cosa] + zsin@ , (3.4)

where

, y, z = satellite inertial velocity components,

r3
'6~* I

U. 
r

-y = - j , and

r3

Z z

The expression required for the iterative solution for the time of maximum

A, i.e. tm , is given by

t(i+l) = ~ )  A(m() (3.5)

mm A,, (t(i))

mm

where the superscripts in parentheses indicate tm s obtained from the ith

iteration. Equation (3.5) is assumed to have converged when the tolerance

condition

m ' t)(3.6)

-11-
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3.2 PROCESSING EQUATIONS (con't)

is satisfied. The first estimate of tm to be used in equation (3.5) for

t(O) is the value of t obtained prior to entering the A section of logic

in Figure 3-1.

First estimates of the rise time tr and set time ts associated with the time

of maximum A, tm, are given by

tr tm - 2A  and ts  tm + -A (3.7)

These estimates are used to initiate iterative solutions for more exact

rise and set times using equation (3.5). Convergence is assumed to have

occurred when equation (3.6) is satisfied for both tr and ts '

3.3 IN-VIEW GEOMETRY PARAMETER COMPUTATIONS

The time of maximum A, i.e., tm, is used to initiate the iterative solution

for the time of closest approach tCA, via the following expression:

C C( A2 (3.8)
A -"1 t2 W

0, CA

where

A = (x - a, cosci) ( + a, w sincL) + (y - a, sina) ( a w cos) (3.9)

+ (z -b) ,

A = (x - a, cost) (x + a, W2 cosa) + (j + a, wsina)2 + (g a, sina)

(y + aI w2 sincL) + ( - WCOSc) 2 + (z - b,) z + 2 (3.10)

Ir- O1 = (x - a,- cosci)2 + (y " a, sincL) 2 + (z - b1)2  , (3.11)

-12-
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3.2 PROCESSING EQUATIONS (con't)

a1  = Jae(1 -
2 si n2 )1 + hJ coso , (3.12)

and

,= Jae(' .s2 ) (1 - C2 sin 2) + h sin¢ . (3.13)

The azimuths A at tr , tCA, and ts are computed using the equation:

+A = tan-  -(xsino - Ycosi/) (3.14)

-sino (xcosa + y sinc) +c I(z + aeosSin)/(lC2 sin 2) J .

If

Ixsina - ycosaI < r2 (3.15)

and

Isin (xcosa + y sinca) - cos j(z + aeC 2 sino)/(1 - e2 sin2o) jl< T2' (3.16)

then A is set to zero.

The Doppler frequency An (scaled to 100 mc and including the offset fre-

quency) is computed at tr and t using the relation:
5

An .29(79)8 I(x-ai cos a)(+a w sina) - (y- a, sinct)Nr a, wcosl)

+ (z - b)i I * (x - a, cosa) + (y-a, sina)2

S ,,
+(z- b 10 + 1 Of (3.17)

1 108

-1 3-



TR 82-387

3.2 PROCESSING EQUATIONS (con't)

where fs is the satellite frequency and f is the satellite off-set" s' os

'K .frequency.

The elevation E at tCA is computed using the expression

E = sin -I  (3.18)

and the slant range p at tea is obtained from

p [ (x-a cos) 2 + (y a sint)2  + (z - b1)2] (3.19)

-14-
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SECTION 4

THE BROUWER ORBIT GENERATOR (BOG)

4.1 FUNCTIONAL DESCRIPTION

The Brouwer orbit generator function is used by the station alert pre-

diction software package to supply predicted inertial position and velocity

vectors for the satellite being processed. These vectors are used by the

SIP function to generate station-satellite in-view periods. The BOG function

is also used by the BMC function to convert osculating inertial Cartesian

coordinates to mean Brouwer elements (it is assumed in this case that the

satellites for which this is done have inclinations which are not in the,

neighborhood of the Brouwer-Lyddane singularity at -63.5*).

Two methods are available for generating osculating elements in the BOG

function. As long as the satellite inclination is not in the neighborhood

of 63.50, the Brouwer-Lyddane ' theory modified to include drag effects is

used to generate predicted osculating elements. If the inclination is

sufficiently close to 63.50, a Keplerian update method using secular terms

only and no drag effects is applied to the mean elements. These updated ele-

ments are then used as the osculating elements in subsequent SIP calculations.

In each case when BOG is being utilized by the SIP function, the osculating

elements are transformed to osculating inertial Cartesian coordinates before
returning to SIP. If BOG is being used by the BMC functions, no such trans-

formation takes place. The BOG processing flow is shown in Figure 4-1.

3 Brouwer, D., "Solution of the Problem of Artificial Satellite Theory
Without Drag", The Astronomical Journal, Vol. 64, No. 1274, 1959,
pp. 378 - 397.

'"Lyddane, R. H., "Small Eccentricities or Inclinations in the Brouwer
Theory of Artificial Satellites", The Astronomical Journal, Vol. 68,
No. 8, 1963, pp. 555 - 558.

-15-
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4.2 PROCESSING EQUATIONS FOR THE BROUWER-LYDDANE METHOD

The equations used to compute osculating orbital elements from mean

Brouwer elements and decay rates are delineated in this section. First

define the following:

a" = semi-major axis decay rate

= eccentricity decay rate

= time rate of change of mean motion

t = time from epoch

no = (i a ,,3)

. n = (1 - e12)

e =cost"
2 20 eC "

Y2 '= Y2f
4  (4.1)

Y3 =-C a3 a- n -

3 ~- -0s
4 

430 e
'y -3/8 C oae a" -4-8

'°' ~ ~ s'="so esas!-! = 50

O = 1 - 5ie 2 -40e&-

y 1 - 302 - 80 ct-

6 = - 92 - 2464 c-1

= I-52 - 16e4 c"

where the C = (=2, 3, 4, 5) are the zonal harmonic gravitational
/ expansion coefficients. Then the secular terms are computed from:

4-.-

• C, ":-17-
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4.2 PROCESSING EQUATIONS FOR THE BROUWER-LYDDANE METHOD (con't)

3 3na'-1 r '

t" not 1 2 3 2 n 1-15 + 16n + 25n 2

+ (30 - 96n - 9On2)62 + (105 + 144n + 25n2 ) 1

+- y5 4 3 - 3062 + 3564 + e0  + ;t
2  (4.2)

16

13 313
not -- y2 a + 3 Y2 -35 + 24n + 25n2

+ (90 - 192n - 126n 2 )62 + (385 + 360,n + 45n2)64

+ 5 y f- 21 - 9n2 + (-270 + 126n2 )62 + (385 - 189n2)e 41+ 9", (4.3)
16 4

and

' h" not f 3y' + 3Y28  e (-5 + 12n + 9nz)e + (-35 - 36n - 5n2) 63

5I5 I
-5 (5 - 3n2 )0 (3 - 7e2 ) + ho  (4.4)40

The long period (dependent upon g") terms are computed from:

35 "Y ' 2 2 3g, 1 e"Y 2

,e - e n X sinil"sin '  , (3y 2 8- lOy4 'y) sin ' '
96 Y2' 12 y 24

35 Y5' 1 n')
3- - e ''

1
2 n X sini" sing" + , 16 + ,' (4+3e,,.)2, 128 y,2 4 Y2' 16 Y

e it T 22
sini" sing" + e- [3YI'a- 10Y4 'Y (4.5)

24Y 2

{ -" - 18- i
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4.2 PROCESSING EQUATIONS FOR THE BROUWER-LYDDANE METHOD (con't)

C' + 1 = 9" + -" + 1 3Y2
2  2 + e'12 - 11(2 + 3e" 2)e2

ii !':;::24Y21

- 40(2 + 5e"2 )04c1' - 400e"2 06 ot-2

+ 10Y4' 2 + e" 2 - 3(2 + 3e" 2 )6 2 - 8(2 + 5e" 2 )4y - 1 -80ei2e6c - 2

,:". 123 ny [ 95 3'

+ [ ) Y  sin 2g"+ - I Xsini"

"Y21 35 6, 4 34 2 1

+ 5 - X - e"(3 + 2ei ' 2 ) sin " +
1152 Y2  siniZ"

+ 2e"0e2 sinZ' f 5 + 32e62cc'- + 8 0e4 c)12J cos 3g"
'Y e " O ' 5 Y 1 2 )h

-ell (4 + 3e + e sint4Y' sini" 6-4 Y2 sirni"

9e"2)] 15 ys e

(26 + 9 6 - - e" 2 sini" (4 + 3e" 2 )
32 Y21

(3 + 1602a - ' + 4oe a-) + 4 Si n-,i

3 / e"\r5( ,.;.3 - e 2 (3 -e" ) J + I n26
3) [ 6 4 264'

' --- e" (-32 + 81e '',4)n "
sini" cosg" (4.6)

[4 + 3e '' 2 + n(4 + 9e ''2)

=- -19-
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4.2 PROCESSING EQUATIONS FOR THE BROUWER-LYDDANE METHOD (con't)

and

35' h" 3 5 1s e"6 0-' 0 4(-hl " + '2 xsin-Z ' " + sini" 5 + 3202&- + 8004&2

144 2 I

sin 29" cosg" + e2Y 3 [11 + oeC + 2 0004(2
,.,.- 12 Y2'

+ I0Y' [3 + 1602c -l + 00 40-2fl sing" cosg"

+ -- e" 30 -LX s i n- t Z '1 + siniZ" (5 + 32eza-I + 8004()-2)J
576Y2 '

" ' "_ _e " _ 1 7 3 " 1 5
"'" +i '3 + 1 Y5 (4 + 3e"2)6 + - y ' (4 + 3e'2)

(3 + 1602a'C + 4004 - ) sin2i" j cosg" (4.7)

The short periodics (dependent upon E', '.V') are computed from:

a 2 a"t + a" - a" (302 - 1) +

I e(1 l cos E)

:302 1 + 3sin 2i ' cos(2g" + 26')) (4.8)

:" '"n 2Y2  _____ - _1 __e"

Ai." e e" + e"t + 61 e + I..... 3 -ee"(3 -e )

'-.. + 32 6 1 + I "

e'oS *(3+ "CS6.1, 5'I+3(1 - 02) +21)

.,,. + 3 + e" cos6' (3 + e" s cos'jcs o

ifi-...-.f \q6..fi i.~. q~

. I

e" x! "cs'( "cs')cs'cs( )
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4.2 PROCESSING EQUATIONS FOR THE BROUWER-LYDDANE METHOD (con't)

2!

.- Y2 1 2) 13cos (2(1" + j) + cos (29 + 36') (4.9)
2

e"e 6 e + e'Y e sinil" sin6' sin(26' + 29")

n sinvL" 1

3
+ 2e"y 2' esin.l" • cosj' cos(26' + 2g") + -- y'e sinil" cos(26' + 2g") (4.10)

+ + = + +  * - - 6c(' - t" + e" sin6') + (3 - 5e)i 4
,3sin (26' + 29") + 3e"sin(2g" + j') + e" sin (2g" + 36')I1

e"Ti2"Y2  I
+ e.l - 2(3e 2 _ 1) (a + 1) sin6' + 3(1- e2 )

4(1 + n) I

1(1 - a) sin (2g" + 6°) + (a + 1/3) sin (2g" + 36')1 (4.11)
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4.2 PROCESSING EQUATIONS FOR THE BROUWER-LYDDANE METHOD (con't)

3[

h h' + e6 '-e- y2 'o + sin(2" + 26')

- e"Y2 6 sin' cos (26' + 29") - 3Y'2 (61' - +" e"sind') (4.12)

and

I1 e-i 1 5 ,y j sin2g"
e2 Ye 45 Y sn 2

4 Y2 n3 sini" + 64 y' n 3 sini"(4 + 9e)

35 Ye

cos g" + 3 Y- n3e2"l; sini" cos3g"
384 Y2'

1 ng 1 2(302 - 1) (a + 1) sinj' + 3(1 - 02) (1 - a) sin(2g" + 6')
- , 2 '')

+ (a + 1) sin (2g" + 36') (4.13)

where

u T -+ (4.14)
1 - e"cosE' - e"cosE'
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4.2 PROCESSING EQUATIONS FOR THE BROUWER-LYDDANE METHOD (con't)

the eccentric anomaly E' is obtained from a Newton-Raphson iteration

upon the Kepler equation

E - e" sin E Z" (4.15)

and the true anomaly ' is found fro.

rn sin E'
sine' = (4.16)

1 - e" cosE'

cos E' - ellcos c - e" (4.16)

1 - ecosE'

The final osculating values for a, i, and h are computed from equations

(4.8), (4.10), and (4.12), respectively. Equations (4.2), (4.9), (4.11)

and (4.13) are used to calculate final osculating values for L, g, and e

for the following relations:

A = ecost" - e6ZsinZ" , (4.17)

B = esinZ" + e6tcost" , (4.18)

,e = tan-' (B/A) (4.19)

g = (Z + g) - ,(4.20)

and

e = (A2 + B2) (4.21)
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4.3 PROCESSING EQUATIONS FOR THE KEPLERIAN UPDATE METHOD

The Keplerian update method treats a, e, and i as constants and updates

l, g, and h using only their secular variations. The updated elements
are given by:

a aft

e el 3"(4.22)

n t 3 Yo C ''(o,, 1)I T)( 4.3

g -T-no Y 2 t (5 cos 'il - 1) + go' (4.24)

'II

and

h 3 -n o Y2 t cos ill + ho " (4.25)

The constants appearing in the last three equations are defined in equations

(4.1).

4.4 PROCESSING EQUATIONS FOR TRANSFORMING ORBITAL ELEMENTS TO CARTESIAN
COORDINATES

The SIP function uses the inertial Cartesian position and velocity vectors to

compute inview periods. The inertial position and velocity are obtainable

from the osculating orbital elements generated via the methods described

above through application of the following transformations:c(os Ee1
r = a ( (4.26)

e sin E
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4.4 PROCESSING EQUATIONS FOR TRANSFORMING ORBITAL ELEMENTS TO CARTESIAN

COORDINATES

and

n- s E

a(1 - e cos E) (427

where

coskcosg -sinh cosi sing - cosh sing -sinhcosiLcosg

0" = cosg sine + cosh cosisin g coshcosZcosg - sine sing (4.28)

sini sing sini cosg

-25-
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V ENTER
BMC FUNCTION

CALL CORDELPEFRCOVGNE
TRANSFORM i'(t'OA). +1

r t'OA) To a. e. i. 1'. j ;E ~
g, h AT t'OA

FSET: At AND DRAG N

DECAY RATES TO ZERO CNEG

FORM: YES

01I~i. CALL KAULA

SET: i 1I COMPUTE ASSOCIATED
KAULA SEMIMAJOR

AXIS, aK(

jCALL BRAUER

COMPUTE ith RTR
OSCULATING ELEMENTS

(~~i~sj a, a, i. I , g, h AT
- t'OA

FORM:

(i+ 1) (j) )
j. + (/3 -.8j

COMPUTE (i+1)th
MEAN ELEMENT SET

at V'OA

FIGURE 5-1. Process Flow of the Brouwer Mean Element Converter
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SECTION 5

THE BROUWER MEAN ELEMENT CONVERTER (BMC)

5.1 FUNCTIONAL DESCRIPTION

The primary tasks performed by the BMC are to receive post orbit adjust
I *

inertial Cartesian position and velocity vectors at tOA, i.e., r(to) and

r(toA , and:

(i) transform the osculating inertial Cartesian components to

osculating Brouwer orbital elements;

(ii) iteratively solve for the Brouwer mean element set associated

oith the osculating inertial Cartesian components.

The iterative solution mentioned in (ii) above utilizes the BRAUER subroutine

of the BOG function. The process flow of the BMC function is shown in

Figure 5-1.

5.2 PROCESSING EQUATIONS

The post-orbit adjust osculating inertial Cartesian vectors r(t = x, Ys

z) and r(toA) = (x, y, i) are transformed to osculating Brouwer orbital
elements using the following relationships:

2
= - (5.1)

e Ia r =+ [ ] (5.2)

1 (yi Z;)2 + (zx- )1
i = tan 1  

- A (5.3)
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5.2 PROCESSING EQUATIONS (con't)

-1 (x. y ) y I
t = tan -  (5.4)

.x Ix i - i

h =tan-'

-~xi 1 - Z 1
and

.J.~ ~ rI~I'2-- e2 + x(zk- xz)-y(yz-zy 1 - e

g tan-  .z...x .[. . . . .

z x(z - xi) - y(yi- Z) 1 1I

(5.5)

The iterative technique used to find the mean Brouwer elements from the as-

sociated osculating elements is similar to that described by Walter'. However,

a nonsingular orbital element set devised by Cohen and Hubbard6 is used here

to provide computational stability for near circular orbits. This nonsingular

mean element set, represented by Oj, where

Walter, H.G., "Conversion of Osculating Elements into Mean Elements", The

Astronomical Journal, Vol. 72, No. 8, 1967, pp. 994 - 997.

Cohen, C.. and Hubbard, E.C., "A Nonsingular Set of Orbit Elements", The

Astronomical Journal, Vol. 67, No. 1, 1962, pp. 10 - 15.

-28-
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5.2 PROCESSING EQUATIONS (con't)

P cos (flcos 2 ) J = 1

P4sin (llcos h" 91 ) j -- 2

sin - = 3 3

S= (5.6)

P;4cos sin 2 ' = 4

e" cos L" , = 5

eo j 5

-e" sinZ" , j 6

is obtained from the iterative process executed according to the scheme

* j (+l) = W~.G~ + ae- 0, j = 1, 2, ... , 6. (5.7)

The p in equations (5.6) is the mean semi-latus rectum. The B* in the last

equation are the initial nonsingular osculating elements, and the j( ') are
the osculating nonsingular elements formed using the osculating elements ob-

tained from BRAUER on the ith iteration and generated by using the Brouwer

mean elements obtained from (--(i). This procedure is repeated on each

until the following convergence conditions are satisfied:

1-(i+l) 1  - < C. , j-- 1, 2, ..., , (5.8)
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5.2 PROCESSING EQUATIONS (con't)

where the cj are small numbers. When this condition is satisfied, then

j= l , = 1, 2, 3, ... , 6, (5.9)

and

4

p ( E i  , (5.10)
j=l

e"I = ( 2+ 2)
e5 (5.11)

oo2.a" = pl(1 - e'2) , (5.12)

I2 tan - 0 -2 + -

2 2 (5.13)

1

= tan -' (-,- , (5.14)

'..,

h" = tana (382 n- ' (5.15)

and

" = 2tan- ' C1J/ ) - (V" + h") . (5.16)
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5.2 PROCESSING EQUATIONS (con't)

For completeness, the BMC function computes the Kaula semi-major axis K

associated with the post-orbit adjust mean semi-major axis a"(t0A). This
is generated recursively, using the Newton-Raphson method, i.e.,

a W a 9(i(~) (5.17)

where

aI + 46ac - Ya + 4( aK + 2 (Ya2 - yc2g(a a K K K K(5.18)

I t:::i.t7= + 206a[ - 4Ya3 + 1222 + 46Ya(

In the last equation,

3 2

3J 2 (l --- sin ) (5.19)

4(1 e"2 )3/2

and

y = (a".a 3  (5.20)

This iterative procedure is continued until

•[ -5

JaK( i + l )  a K W < 10 (5.21)
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